The association between calcification of the coronary arteries and coronary artery narrowing is well established. However, fluoroscopic visualization of coronary calcifications has been insufficiently sensitive to be useful as a screening test. Since digitization of radiographic images permits the subtraction of noncardiac structures from moving cardiac structures, such subtraction might increase the sensitivity of coronary fluoroscopy. To determine whether coronary calcifications were better visualized with digital subtraction fluoroscopy than with conventional fluoroscopy, we taped diseased human coronary arteries to a pulsating water balloon inside the thorax of a dog cadaver and studied this model with both fluoroscopic techniques. Calcific atherosclerotic plaques were more easily identified with digital subtraction fluoroscopy than with conventional fluoroscopy. We tested the method clinically by submitting 191 subjects without history or electrocardiographic evidence of previous myocardial infarction who were referred for coronary arteriography to both fluoroscopic studies. For at least one, at least two, and three calcified coronary arteries, digital fluoroscopy was more sensitive (92%, 66%, and 40%) than conventional fluoroscopy (63%, 21%, and 2%) (all p < .001) for the prediction of significant coronary obstructions (>50%). Although digital fluoroscopy was less specific than conventional fluoroscopy (digital: 65%, 89%, and 97%; conventional: 81%, 98%, and 100%) (all but last, p < .01), receiver operating curve analysis revealed a significantly larger area under the curve, indicating higher accuracy for the digital technique (p = .03). Digital subtraction fluoroscopy was more accurate in younger than in older patients. We conclude that digital subtraction fluoroscopy is more accurate than conventional fluoroscopy and is a simple, inexpensive, and safe screening technique for coronary artery obstructions. Circulation 71, No. 4, 725-732, 1985. From the
THE DIAGNOSIS of coronary artery disease is based largely on a clinical history of typical symptoms and the presence of known risk factors. When the diagnostic picture remains unclear after an initial clinical evaluation, noninvasive testing has proved to be useful in the decision to submit a patient to coronary angiography. ' Stress electrocardiography, stress thallium scintigraphy, and stress radionuclide ventriculography are noninvasive tests that are relatively expensive and pose some, albeit small, risk. Cardiac fluoroscopy for the detection of coronary calcifications is inexpensive and safe. However, its low sensitivityl`limits its utility as a screening test. This low sensitivity may be partly caused by interfering background structures that obscure calcifications during the fluoroscopic examination, since radiographic examination of excised cardiac specimens5-9 has been shown to be more sensitive than examination in vivo.
Digital subtraction fluoroscopy uses two physical features that might increase the sensitivity of conventional image intensifier fluoroscopy in the detection of coronary calcifications. First, mask subtraction eliminates interfering background structures such as the spine, ribs, sternum, and great vessels. Because of their motion, cardiac structures partially escape elimination by this subtraction. Second, image averaging over a finite part of the cardiac cycle blurs the subtract-Vol. 71, No. 4, April 1985 ed mask and enhances images of radiodense objects within a less dense radiographic field. eO Calcifications that are relatively radiodense should be more easily visualized after such subtraction.
To test the applicability of the above principles, we conducted the present investigation.
Materials and methods
Phantom experiment. A cardiectomized dog cadaver was taken to the angiographic laboratory. Human right and left anterior descending coronary arteries from an autopsy specimen of a 70-year-old man who had died of coronary atherosclerosis were taped on opposite sides of a radiolucent ellipsoidal balloon filled with water. The balloon was made to expand and contract 40 times per minute by means of a respirator pump. The balloon, which had a volume and pulsatile stroke volume approximating those of a human heart, was placed inside the thorax of the dog and the thorax was closed with sutures. This preparation was imaged fluoroscopically for 10 sec with the same 6 inch image intensifier used in clinical studies. Digital subtraction fluoroscopy with an eight-frame average mask and continuous mask subtraction was performed for 10 sec. The digital subtraction study was repeated again for 10 sec while an investigator slowly moved the dog about 1 cm across the radiographic field to create motion misregistration. Aside from this motion, the dog, the xray tube, and the image intensifier were not moved during or between the fluoroscopic studies. All fluoroscopic studies were recorded on 3/4 inch videotape. The coronary arteries were then removed from the preparation and radiographed.
The videotaped conventional fluoroscopic study and both digital subtraction fluoroscopic studies (with and without misregistration caused by motion) were each reviewed for 8 to 10 sec by six independent observers (six per study, 18 in all). The numbers of calcifications observed were recorded and compared by Student's t test. Both the conventional and the digital subtraction study without motion artifact were redigitized in 256 x 256 pixel format and transferred to a video computer. Eight by eight pixel square regions of interest were created around three of the visible calcifications in the first frame of the digital subtraction study without motion misregistration; these regions of interest were used to generate a time-activity curve over the first 3 sec of this and the conventional fluoroscopic study. Figure 1 shows the radiograph of the coronary arteries and frames taken from the conventional fluoroscopic study and both of the digital subtraction studies. None of the six observers viewing the conventional fluoroscopic images reported visualizing more than four separate calcifications. The average number visualized was 3.3. All six of the observers who viewed the digital subtraction images without motion artifact reported visualizing at least eight separate moving calcifications. The average number visualized was 11 .8. The six observers who viewed the subtraction images with motion artifact all reported seeing at least six separate calcifications and the average number visualized was 8.2. The three mean values were significantly different from each other with p < .0001 for the conventional study compared with either digital study. Figure 2 shows the time-activity curves derived from identical regions of interest created around the images of the calcifications in the conventional and in the digital study without motion artifact. The high-frequency irregular oscillations represent radiographic noise, whereas the larger oscillations represent the video signals of the calcifications as they passed through the regions of interest.
Both the subjective reports of the observers who viewed the fluoroscopic studies of the dog preparation and the objective evidence presented in figures 1 and 2 demonstrate the superior sensitivity of the subtraction studies. The radiographs of the arteries displayed in the upper left panel of figure 1 clearly show more than 13 distinct calcifications. The frame from the conventional fluoroscopic study does not clearly reveal any of these, whereas both the frame from the subtraction study without misregistration and that from the subtraction study with misregistration clearly show several of them. The time-activity curves displayed in figure 2 for the subtraction study show distinct signals produced by the motion of the coronary calcifications through the regions of interest, whereas only one of the calcifications produced such a signal for the nonsubtracted conventional study. Clinical experiment Study population. A total of 191 consecutive patients without historical or electrocardiographic evidence of previous myocardial infarction who underwent coronary angiographic examination by three participating cardiologists between November 1983 and August 1984 make up the study population of this investigation. There were 120 men and 71 women. Their mean age was 56 years (range 34 to 78).
Fluoroscopic examinations. An experienced coronary angiographer conducted conventional image intensifier fluoroscopy using a 6 inch image intensifier and a 525 line television screen. The x-ray exposure settings were 2.5 to 4 mA, 60 to 125 kV, and a 16 msec pulse width. The resolving capacity was 2.5 line pairs/mm. The contrast ratio was 1 :10. The subjects underwent fluoroscopic exposure in the supine position for 10 to 15 sec in both the 30 degree right anterior oblique and 60 degree left anterior oblique projections. During this time the investigator examined the fluoroscopic cardiac images for calcifications along the courses of the right, left circumflex, and left main-anterior descending coronary arteries. Because of the difficulty of separating calcifications in the left main coronary artery from those in the left anterior descending, these two arteries were considered as one. Calcifications were recorded as either visualized or not in each of these three vessels in both of the projections.
For digital subtraction fluoroscopy, a 9 inch image intensifier and a commercially available digital subtraction unit were used (Philips DVII). A 320 msec (eight frame) mask was acquired and this was followed by acquisition of images at a rate of 30/sec. At the moment of acquisition, each image was digitized in a 512 x 512 x 12 bit matrix and subtracted immediately from the mask image, the resulting image being stored in analogue form on 3/4 inch videotape. Fluoroscopic exposure continued for 3 to 5 sec in the 30 degree right anterior oblique and 60 degree left anterior oblique projections. Exposure factors were 70 to 100 mA and 60 to 80 kV. The resolving capacity of the imaging system was 1.5 line pairs per milliliter.
Immediately after the digital subtraction examination, the videotaped runs of subtracted images were resubtracted with an 80 msec mask taken early in the run, and the resulting resubtracted images (figure 3) were reviewed three consecutive times by an investigator unaware of the conventional fluoroscopic or angiographic results. Coronary calcifications were recorded as visualized or not in the three major coronary arteries in either projection.
Coronary angiography. After fluoroscopic examinations, all subjects underwent selective coronary arteriography by the Sones technique. Multiple projections of each vessel were obtained. The x-ray exposure factors for cineangiography were 300 mA, 75 to 95 kV, and a 5 msec pulse width. Arteriograms were interpreted by investigators unaware of the results of either fluoroscopic examination. Obstructions of greater than 50% of the intraluminal diameter of at least one of the four main coro- nary arteries were considered sufficient to classify a subject as having significant coronary disease. Statistical analysis. Sensitivities and specificities of the two fluoroscopic techniques were calculated for one, two, and three detected calcified arteries. Comparisons between sensitivities and specificities were done with McNemar's test.11
Receiver operating characteristic curves12 13 of sensitivity vs specificity for both techniques were plotted and compared by the univariate Z score test of the differences in the area under the two curves.14 Clinical variables (age, sex, mild coronary stenoses) affecting false positive and false negative results were analyzed with the Student t and z2 tests.
Results
Clinical data. Of the 191 subjects, 91 (48%) had typical angina pectoris and 73 (38%) had atypical or nonanginal chest pain. Twenty-seven (14%) were asymptomatic.
Angiographic data. A coronary artery was considered to be significantly diseased if there was more than a 50% reduction of its luminal diameter. By this criterion, 96 patients (50%) had significant disease. Forty (42%) of these had single-vessel disease, 42 (44%) had 4 display the sensitivities and specificities of the two fluoroscopic methods for predicting significant coronary disease (any obstruction >50%). Digital subtraction fluoroscopy detected at least one calcified artery in 92% of subjects with any significant (>50%) coronary obstruction, whereas conventional fluoroscopy detected calcifications in only 63% of such subjects (p < .001). However, digital fluoroscopy detected calcification in 35% of patients (false positive) without significant disease, whereas conventional fluoroscopy had a false positive rate of only 19%. Table 3 and (involvement of more than one major branch with an occlusion >50%). Table 4 shows the results for both techniques applied to patients above and below the median age of 58 years. In the younger group, the specificity of digital fluoroscopy was not significantly different from that of conventional fluoroscopy. The sensitivity of the digital method remained superior to conventional fluoroscopy in both younger and older subgroups. Table 5 and figure 6 illustrate the vessel-specific sensitivities and specificities for the conventional fluoroscopic and the digital subtraction fluoroscopic detection of coronary calcification in each of the three major arterial branches for the prediction of significant obstruction of that branch. Figures 4 and 5 illustrate the receiver operating characteristic curves for the prediction of any significant coronary disease (>50% obstruction) and for the prediction of multivessel disease. Specificity is plotted on the horizontal axis and sensitivity on the vertical axis. The curves of more accurate tests have a larger area beneath them14 (between them and the horizontal axis). The area under the curve representing the accuracy of digital subtraction fluoroscopy in predicting any obstruction greater than 50% (figure 4) is 0.89, whereas that representing the accuracy of conventional fluoroscopy in the same figure is 0.80 (p-.03). For multivessel disease ( figure 5 ) the respective areas are 0.88 and 0.79 (p -.03).
False positive and false negative results. Among subjects with normal coronary arteriograms, the mean age of those with calcification detected by digital fluoros-728 copy was higher (60.0 years) than that of patients without calcification (51.5 years) (p = .0001). A similar pattern was noted for conventional fluoroscopy (59.5 vs 53.3 years) (p = .02). Conversely, the mean age of patients with false negative digital fluoroscopic results was lower (52.8 years) than that of patients with true positive tests (58.0 years) (p = .09). There was a significant difference between the ages of patients with false negative (54.6 years) and true positive (59.4 years) results by conventional fluoroscopy (p .006).
False positive digital subtraction fluoroscopic results were more common in men 44% (21/48) than in women 26% (12/47) (p = .06). There were no significant sex differences in the frequencies of false negative digital fluoroscopic results or in the frequencies of false positive or false negative conventional fluoroscopic results (p > . 10). False positive digital results were more common in subjects with mild coronary 
Discussion
Previous blinded studies attempting to correlate fluoroscopic calcifications with coronary angiography have produced sensitivities and specificities similar to our results with a conventional image intensifier.2 One autopsy study9 in which radiographs of cardiac specimens were compared against pathologic narrowings showed results very similar to our vessel-specific sensitivities and specificities with digital subtraction (table 5 and figure 4 ). Only one recent fluoroscopic investigation of women with suspected coronary disease 1 revealed an accuracy approaching our digital subtraction results. These investigators used several fluoroscopic projections and an image intensifier with a higher contrast setting (16:1) .
In a study of 1242 necropsy specimens, Eggen et al .' demonstrated an age-related increase in the frequency TABLE 5 of coronary calcifications in individuals dying from nonatherosclerotic causes. In those dying from coronary heart disease, there was no such increase. Our own finding of an age-related decrease in specificity with less change in sensitivity of the digital subtraction fluorographic detection of coronary calcifications is in agreement with Eggen's autopsy findings. Both the sensitivity and specificity of finding at least one calcified artery in younger subjects were high (0.89 and 0.79). This compares well with the results of more expensive and riskier diagnostic procedures. 1li9 It was in this younger group that digital subtraction fluoroscopy had the greatest advantage over conventional fluoroscopy.
Aside from increasing age, male sex was also associated with a higher frequency of false positive results with digital subtraction fluoroscopy. Whether this is due to physiologic sex differences, differences in the radiographic thoracic properties, or other factors remains to be determined. Not surprisingly, subjects with mild coronary obstruction (<50%) had a high frequency of false positive digital fluoroscopic results (59%). Since the detection of mild disease is of inter-Sensitivities and specificities of the detection of calcifications in each of the three major vessels for the prediction of obstruction greater than 50% in that vessel est, especially in younger individuals, these "false positives," although of no use in screening for significant obstructions, may be helpful in predicting prognosis. Thirteen subjects had false positive digital subtraction results although their coronary angiograms were completely normal. Although some of these false positives might have resulted from minimal disease, others probably resulted from mistaking calcific densities in the aortic root, pericardium, or other nearby structures for coronary calcifications. We used only the 60 degree left anterior oblique and 30 degree right anterior oblique projections for both fluoroscopic techniques. Had we used more than two projections, the sensitivities of both methods might have increased. Since background interference during conventional fluoroscopic examinations is dependent on projection, the sensitivity of conventional fluoroscopy might have increased more than that of digital fluoroscopy. However, since calcific structures can be more easily located in three dimensions by increasing the number of projections used, many digital false positive results might also have been avoided, thus increasing the specificity of the digital method. The confirmation of these speculations must await further investigation.
The technique of blurred mask subtraction has found successful application in the enhanced angiographic detection of cardiac malformations and malfunction.'921 Its use as a fluoroscopic technique has not been reported to our knowledge. The potential for the development of this application is obvious. The meth-od may prove useful in following patients with other calcific heart disease and in evaluating the function of prosthetic valves.
We conclude that blurred-mask digital subtraction fluoroscopy is a useful diagnostic tool in the evaluation of patients with suspected coronary disease. It is particularly helpful in younger individuals and may find a place in the diagnosis and assessment of coronary as well as other types of heart disease. 
